Monte Carlo simulations of hot nonequilibrium electron relaxation in rectangular GaAs quantum wires of different cross sections are carried out. The simulations demonstrate that the initial stage of hot-electron cooling dynamics is determined by cascade emission of optical phonons and exhibits strong dependence on the excitation energy. The second (slow) relaxation stage is controlled by strongly inelastic electron interactions with acoustic phonons as well as by nonequilibrium (hot) optical phonons. The relaxation times obtained in our simulations are in good agreement with the results of recent luminescence experiments. At low electron concentrations where hot phonon effects are negligible the cascade emission of optical phonons may lead to the overcooling of the electron system to temperature below the lattice temperature. These electrons then slowly (during tens of picoseconds) relax to equilibrium due to the interaction with acoustic phonons. At certain excitation energies strong intersubband electron scattering by optical phonons leads to electron redistribution among subbands and intersubband population inversions. If the electron concentration exceeds lo5 cm-', hot phonon effects come into play. In contrast to bulk materials and quantum wells, hot phonon effects in quantum wires exhibit strong dependence on the initial broadening of the energy distribution of the electrons. The very initial electron gas relaxation stage in quantum wires is faster in the presence of hot phonons, while for t>OS ps the hot phonon thermalization time defines the characteristic electron cooling time.
INTRODUCTION
Potential possibilities of utilizing unique properties of quasi-one-dimensional (1D) semiconductor structures (peaklike density of states, high packing density, high operation frequencies) for the development of a new generation of electronic and optoelectronic devices have stimulated enhanced interest in investigating the nonequilibrium electron relaxation processes in these structures. Energy dissipation processes of hot electron gases define such characteristics as device operating speed, efficiency, gain, transport characteristics, noise, etc. Although there exist a number of publications dealing with relaxation processes in 1D electron gases,'-l4 the relaxation dynamics of photoexcited carriers under highly nonequilibrium conditions have received less attention. Recent experimental investigations clearly demonstrate different behaviors of photoexcited electron-hole plasmas in 1D and 2D systems.9-'3 Time-resolved luminescence measurements in 1D quantum wires (QWIS)~-'* indicate that nonequilibrium carrier relaxation to the lowest 1D state is rather slow compared to that measured in quantum wells. Thus, with current interest in developing a new generation of devices based on 1D semiconductor structures it is important to understand the temporal evolution of relaxation of nonequilibrium carriers following initial excitation. This evolution, especially its initial stage (first few picoseconds following pulse excitation), is of great importance for device applications, and, in particular, for high-speed photonic devices. There are several important aspects of electron relaxation in 1D quantum wires to be considered in great detail.
At the operating temperatures of most optoelectronic devices (30-300 K) , often the only important energy and momentum relaxation mechanism is the electron-phonon interaction.4"5 In contrast to 3D or 2D systems, electronelectron pair collisions in QWIs do not affect electron relaxation, whereas electron-phonon interactions remain very strong.4, '6-'8 That is why at low electron concentration when the intersubband electron-electron interaction is weak,4p19 electron scattering by phonons determines the entire electron relaxation dynamics. It appears that phonons in QWIs are far from the same as in bulk materials."l-22 Along with electron quantization there may exist optical phonon quantization. It has been demonstrated23 that acoustic phonon scattering in QWIs is essentially inelastic due to the lack of translational symmetry and the resultant uncertainty of momentum conservation. Therefore, in considering the electron dynamic behavior in QWIs it is extremely important to allow for the real phonon spectrum in QWIs.
When electrons are excited well above the bottom of the conduction band they relax via cascade emission of phonons and drive the phonon system out of equilibrium. It is now a commonly accepted notion that nonequilibrium (hot) phonons strongly affect electron transport and relaxation in bulk materials (see, e.g., Ref. 24) . Hot phonon effects also explain observations of very slow electron cooling in quantum wells following subpicosecond photoexcitation of hot electrons (see, e.g., Ref. 25) . The hot phonon problem in QWIs has been addressed previously in Refs. 2, 6, and 8. However, the kinetic approach used in Ref. 2 does not pro-vide information about relaxation dynamics, while in Ref. 8 the peculiarities related to 1D nature of nonequilibrium electron-phonon system have been overlooked. In contrast to 3D or 2D systems, the intrasubband electron-electron pair interaction in QWIs leads only to momentum exchange between interaction indistinguishable electrons and does not contribute to the relaxation process. Hence, at least during initial relaxation stage, the electron gas cannot be described by a Maxwellian distribution function and it is necessary to investigate electron relaxation without any a priori assumptions about the electron distribution function. 5'6'8 Moreover, the 1D nature of optical phonons in QWIs results in some specific peculiarities of hot phonon buildup that should strongly modify hot phonon effects in QWIs.6 In this paper the simulation of the relaxation of hot nonequilibrium electrons has been carried out allowing for all the specific aspects of electron dynamics in QWIs mentioned above.
II. MODEL AND METHOD
Simulation of hot-electron relaxation has been performed in a rectangular GaAs QWIs embedded in AlAs. We employ an ensemble Monte Carlo technique specially suited for 1D electron simulation.r5 A two-dimensional, infinitely deep square potential well confines electrons in the QWI with a multisubband energy structure. The hot-electron energy dissipation model includes electron interactions with confined longitudinal-optical (LO), localized surface (interface) optical (SO) phonons,'7Y18 and bulk-like acoustic phonon? as well as nonequilibrium optical phonon populations. We have included inelasticity of electron-acoustic phonon scattering in a QWI in full detail using the technique proposed in Ref. 23 . The initial distribution of excited electrons among subbands is considered to be defined by the density of states for a given excess energy in each subband.
We start the simulation of electron relaxation after the initial excitation by a short pulse with a duration of 0.1 ps. We have not simulated electron relaxation in coherent regime (t cl00 fs) which requires a quantum mechanical description. Instead, we have focused our attention on the time range t>O.l ps when electrons can be treated semiclassically.26-29 We are interested primarily in peculiarities of the electron-phonon interaction in QWIs. Therefore, we do not take into account the electron-hole interaction. This situation could take place when electrons are photoexcited from near-monoenergetic impurity levels. The initial state for electron relaxation accounts for the broadening of the electron energy distribution due to two effects: (i) uncertainty in electron initial energy due to the short electron average lifetime at the excited level (A-10-* eV for At=10-13 s); (ii) spectral broadening of the exciting pulse with duration of the order of lo-l3 s. In accounting for these effects we assume that they both lead to a Gaussian distribution of electron energy at t=to, which corresponds to the end of the excitation pulse. A Gaussian broadening factor is used instead of a Lorentzian (typically incorporated into idealized theoretical models26927) to prevent the unrealistically large spread of electron energies. This approach has been justified for the electron-phonon interaction in a QWIs demonstrating that the Golden Rule formalism may be retained by convolving a Gaussian broadening function containing a constant broadening factor.30 We vary the excitation energy E,, , which corresponds to the center of a Gaussian distribution, as well as, AE, the half-width of this distribution.
Nonequilibrium phonons have been included by calculating the phonon occupation number versus phonon wave vector (phonon distribution) within the Monte Carlo procedure. In accordance with the 1D nature of optical phonons in QWIs, the increment of phonon occupation number after each emission (sign +) or absorption (sign -) event is given by the term +(2rr/Aq)(n/N), where Aq is the step of the grid in q space used to record the N, histogram, n is the electron concentration per unit length of a QWI, and N is the actual number of particles in the simulation.
In Monte Carlo simulations of bulk and 2D nonequilibrium electron-optical phonon systems, the mesh interval for the phonon occupation number Aq is not a crucial parameter, given that the interval is much less than the q-space region populated by nonequilibrium phonons which can be easily estimated. This is due to the fact that the phonon reabsorption rate depends on the integrated (average) occupancy over the entire region which is not crucially sensitive to the mesh interval. However, in 1D systems as we will see in a due course, the reabsorption rate depends only on the local value of phonon occupancy N, at an appropriate q value. Therefore, as the mesh interval becomes smaller, both the local occupancy and the reabsorption rate become larger. This problem is particularly important when considering nearmonoenergetic electron excitation. There are, of course, physical limits on the magnitude of Aq. These limits follow from the uncertainty in the phonon longitudinal wave number due to the finite length of the QWI.
We have taken a QWI of length L,=lO pm, so that Aq=2dL, -6X lo3 cm-'. Hot phonon thermalization due to the decay of optical phonons into acoustic phonons is taken into account by recalculating N, for every mesh interval at the end of each time step. It has been demonstrated3' that the phonon thermalization time T,,,, in low-dimensional structures depends weakly on the sizes of the structure and is close to the bulk value. For simulations at T=30 and 77 K, we have used the value 5-,,,,=7 PS.*~ The time step in our simulations has been chosen to be smaller than the average time between two events of electron scattering by optical phonons and much less than the phonon thermalization time TV,, . We have not taken into account the increase in the acoustic phonon population as a result of the decay of nonequilibrium optical phonons. There are two reasons for this. First, the buildup of nonequilibrium optical phonons occurs only in a very narrow region of the Brillouin zone (near the zone center), so that over the entire zone the average occupation number increases only negligibly. This is true for systems of any dimensionality since the electrons interacting with phonons populate only the center region of the Brillouin zone. Second, the acoustic phonons in QWIs embedded in surrounding materials with similar elastic properties (GaAs in AlAs in our case) may penetrate through GaAsfAlAs interfaces and escape from the QWI. Therefore, we have ex- cellent thermal conductivity and the QWI should not be heated much more than the whole GaAs/AlAs structure. Given that the surrounding AlAs is sufficiently massive, the increase in temperature would be negligible even if the QWI strongly radiates acoustic phonons.
Ill. RESULTS AND DISCUSSION

A. Low electron concentrations
Let us first consider electron concentrations less than lo5 cm-' where nonequilibrium phonon effects can be neglected.
Calculations with various excitation energies show that in the time scale of 10v9 s electron relaxation exhibits one or two distinguishable stages. Figure 1 demonstrates the electron cooling dynamics in a QWI with cross section 150X250 A* for lattice temperatures of T=77 K and T=300 K, as well as for different electron excitation energies tzcx counted from the bottom of the lowest conduction subband. The mean electron energy plotted on the vertical axis in Figs. l(a) and l(b) is calculated relative to the bottom of the first subband.
Thus it consists of two parts: the kinetic energy corresponding to one degree of freedom in a QWI and the intersubband separation energy. The electron excitation energy eex has been varied from 20 to 100 meV. This implies that for this particular cross section of the QWI, up to the three lowest subbands can be occupied by electrons at the initial time, t=O. One can see from Fig. l(a) that for electron excitation at 20 meV, the electron gas cooling is slow ("slow" stage) . The "fast" stage in the mean electron energy dependence on time is observed when electrons are excited above the optical phonon energy (hw, or Tzw,, , where fLwLo and fiwso are energies of LO and SO phonons, respectively). Electrons initially (in the subpicosecond time scale) cool down losing their energy due to the interaction with optical phonons. Since the optical phonon absorption events at temperature T=77 K are negligibly rare, the electron gas relaxation dynamics is determined by the emission of optical phonons with characteristic times ~+~~=10-'~ s and T+~~=~O -12 s (for electron-LO and electron-SO phonon interaction, respectively). It is worth to mention that ultrafast nonequilibrium carrier relaxation with characteristic cooling times of the same order of magnitude have been experimentally observed in time-resolved photoluminescence and cathodoluminescence measurements.9'11"2 At low optical excitation levels the sharp line of band-edge photoluminescence occurs during the laser excitation.97'2 This implies that hot carriers lose the major portion of their excess energy during the time much shorter than the excitation pulse of 25 ps. The analysis of low-temperature cathodoluminescence spectra suggests that carrier capture and relaxation to the bottom subbands in GaAs QWIs grown on nonplanar substrates occurs in a subpicosecond time scale." At a lattice temperature of T =300 K the electron cooling dynamics is influenced strongly by optical phonon absorption which reduces the electron gas cooling rate [ Fig. l(b) ].
The duration of the "fast" relaxation stage as well as the entire electron gas cooling dynamics for c&h wLo exhibits a strong dependence on the excitation energy. As discussed below, when electrons are excited just above the LO phonon energy they cool down to the bottom of the first subband on a subpicosecond time scale [curve 2 in Fig. l(a) and curve 1 in l(b)]. Electrons emit optical phonons and occupy states near the subband bottom. Therefore, the mean electron energy drops below that for eex=20 meV [curve 1 in Fig. l(a) ]. For a lattice temperature of T=300 K we observe anomalous cooling dynamics when electrons occur below the thermal equilibrium energy [curve 1 in Fig. l(b) ]. Overcooling of the electron gas occurs if the electron excitation energy falls into the range ?iwm<ee,CfLwLo+kBT/2, where k,T/2 is the electron kinetic energy at a given temperature T corresponding to one degree of freedom in a QWI. At lower temperatures (T=77 K) the transient electron overcooling disappears because the chosen broadening of electron initial energy distribution exceeds the electron thermal equilibrium energy kBT/2.
The "slow" stage of electron relaxation is controlled by the electron interaction with acoustic phonons. Our calculations demonstrate that electron gas thermalization prod&s in a QWI of cross section of 150X250 A2 lasts about 1 ns at a . This time depends strongly not only on the lattice temperature but also on the cross section of a QWI as does the acoustic phonon scattering rate.= The role of acoustic phonon scattering is demonstrated in Fig. 2 for electron cooling dynamics in a QWI with a cross section 40X40 AZ compared with the cooling dynamics in a 150X250 A2 QWI. The electron energy relaxation due to the interaction with acoustic phonons is much faster in the thin QWI as a result of two factors: (i) the acoustic phonon scattering rate is roughly inversely proportional to the cross section of a QWI, and (ii) the inelasticity of the electron-acoustic phonon interaction also increases with the decrease of the cross section." The relaxation times of the same order of magnitude have been derived from the time-resolved photoluminescence measurements at low excitation levels.12 After initial hot-carrier relaxation below optical phonon energy, the further evolution of the band-edge luminescence line shape is characterized by the time of the order of hundreds of picoseconds.12 Therefore, the electron-acoustic phonon interaction might be responsible for the time evolution of luminescence spectra. Rough estimates yield electron therrnalization time due to interaction with acoustic phonons of the order of 500 ps for the structure parameters and temperature (T=S K) of Ref. 12.
One can see from Fig. l(a) and Fig. l(b) that the electron thermal equilibrium energy for T=300 K is larger than could be expected from k,T/2=13 meV, while for T=77 K it practically coincides with k,T/2=3.3 meV. The difference in thermal equilibrium energies comes from the calculation of the electron mean energy in QWIs with multisubband energy structure. Approximately one third of electrons occupy upper subbands in the equilibrium state at a lattice temperature T=300 K due to the Boltzmann distribution. The mean electron energy includes the electron gas kinetic energy (kBT/2) of free motion along the wire and the energy representing the spatial quantization (separation between subbands) in two other directions. In the extreme limit of thick QWIs, when a , large number of subbands becomes occupied, the electron mean energy tends to 3k,T/2 corresponding to the 3D electron gas. Simulation of hot-electron relaxation dynamics in QWIs demonstrates that intersubband electron scattering primarily by optical phonons leads to a significant carrier redistribution among subbands (Fig. 3) . When electrons are excited well above the bottom of the second subband (e,,=lOO meV) multiple electron transitions between various subbands due to interaction with optical phonons lead to a nonmonotonous time dependence of the relative occupancy of the first (lowest) subband [curves 3 in Figs. 3(a) and 3(b) ]. Acoustic phonon scattering is also responsible for electron intersubband transitions. For the case where the cross section is 150X250 A2, the separation between the first and the second subband is less than the optical phonon energy, so that electrons cannot be scattered from the bottom of the second subband by the emission of optical phonons. Accordingly, at low temperatures electrons can be "trapped" in the second subband. They are slowly (with characteristic time of tens and hundreds of picoseconds) released from it due to intersubband electron scattering by acoustic phonons [curves 3 and 4 in Fig. 3(a) ]. In this case the second subband serves as a hotelectron reservoir and significantly slows electron cooling. Even in the case when most electrons are excited into the first subband (~~,,=20 meV), a small fraction of them (from the high-energy tail of the Gaussian excitation energy distribution) are initially scattered by acoustic phonons to the second subband and then return to the first one [curve 1 in Fig.  3(a) ]. The energy of the plateau [curve 3 in Fig. l(a) ] virtually coincides with the position of the second subband with respect to the first subband bottom (27 meV) indicating that electrons are "trapped" there. At high temperatures [T=300 K, Fig. 3(b) ] electrons "escape" from the upper subbands due to intersubband absorption of optical phonons as well as stronger intersubband acoustic phonon scattering, and reach an equilibrium distribution among subbands in 30 ps.
Under certain excitation conditions intersubband electron scattering by optical phonons may lead to intersubband population inversion. We observe an intersubband population inversion when two conditions are met: (i) separation between two lowest subbands in the QWI is less than minimum optical phonon (LO or SO) energy, so that electrons cannot be scattered from the bottom of the second subband by the emission of optical phonons (we demonstrate results for a QWl with cross section 150X250 A2, where this condition is fulfilled); (ii) electrons are excited just above characteristic energy ~=et~+fi~~, where er2 is the energy of the bottom of the second subband. Due to a significant difference in the number of final states (peak-like density of states near each subband bottom) electrons from both the first and the second subbands are scattered predominantly into the second subband bottom after the emission of LO phonons. Thus, the number of electrons at the bottom of the second subband exceeds the number of electrons at the bottom of the first subband and a strong intersubband population inversion occurs near the center of the Brillouin zone (k=O). Figure 4 presents the distribution of electrons in momentum space for the two lowest subbands 3 ps after excitation. Electrons in the first subband are still hot (wave numbers k>2X lo7 cm-r on curve 1 in Fig. 4) after emission of optical phonons and they relax to the bottom of the subband by interacting with acoustic phonons. Electrons in the second subband occupy states with smaller wave vectors near the subband bottom. This population inversion near the center of the Brillouin zone (k=O) lasts about 10 ps at a lattice temperature of T=77 K. This time is defined by intrasubband and intersubband electron scattering by acoustic phonons. Intersubband electron scattering by acoustic phonons is responsible for electron release from the second subband at low temperatures where optical phonon absorption is virtually frozen out, while intrasubband acoustic phonon scattering leads to the thermalization of the electron distribution. As one can see from Fig. 4 the population inversion at small electron wave vectors is reduced due to presence of some fraction of electrons near the bottom of the first subband. The number and energy of these electrons depend strongly on the excitation regime. Due to the Gaussian electron excitation energy distribution some electrons from the high-energy tail can emit two optical phonons and cool down to the bottom of the first subband. Thus, as the electron initial energy broadening increases, the occupation of states with small wave vector in the first subband also increases, and the effect of population inversion decreases,
B. Hot phonon effects
Due to optical phonon quantization and the resultant 1D momentum conservation in quantum wires, electrons can emit or absorb optical phonons with wave vectors which are strictly defined by the. electron momentum and the phonon energy. In general, the phonon wave number is defined by the energy and momentum conservation equations and is given by q= dk2+k12-2kk ' cos 8, 0) where k is the electron wave number before scattering, k' = Jk2? 2m* oa/fL is the electron wave number after absorption (sign +) or emission (sign -) of the optical phonon of frequency q, and 6 is the angle between electron wave vectors before and after scattering. In 1D structures there are just two final states for scattered electrons: forward scattering with cos 8=1 or backward scattering with cos 8 = -1. Consequently, there are two possible phonon wave vectors available for emission (and two for absorption) by any single electron:
In contrast, in quantum wells (or bulk materials) due to existence of additional degree(s) of freedom, cos 0 can take any value in the range (-l,+l), so that there is an entire range of a phonon q values from ] k -k' I to k + k' available for electron interactions. Therefore, electrons in QWIs having appreciably different energies generate nonequilibrium phonons in different narrow q-space regions which do not overlap. In turn, these phonons can be reabsorbed only by the electrons that have generated them, unlike in bulk materials and in quantum wells where electrons can reabsorb phonons emitted by other electrons. Consequently, electrons which have different energies cannot interact through the emission and subsequent reabsorption of optical phonons. Thus, electrons and the phonons associated with them (with appropriate wave vectors) are isolated from other electron-phonon pairs if electrons are in different states. Thus, for 1D structures we eliminate one cross-correlation effect which is always present in the nonequilibrium electron-phonon system in bulk materials and in quantum wells and which is important when considering electric noise.32 Another consequence of the 1D nature of the electronphonon interaction in QWIs is that the reabsorption probability for each single electron in the QWI does not depend on the integrated phonon occupation number but only on the local occupancy at a certain 4. This reabsorption probability decreases as the phonon distribution spreads over q space (given that the integrated occupancy is defined by the concentration of excited electrons and remains constant). The spread of the nonequilibrium phonon population in q space results from the broadening of the electron energy distribution. As a result, the reabsorption rate and hot phonon effects depend strongly on the energy distribution of excited electrons.
Let us first consider a simplified picture in which there is only one energy subband and SO phonons are neglected; that is, only LO and acoustic phonons are present in the QWI. This simplified picture allows us to refine the pure 1D effect of the broadening of the electron energy distribution on the buildup of hot phonons and, hence, on electron cooling dynamics. Fi ure 1 5 illustrates electron cooling dynamics in a 150x250 2 QWI at T=30 K following initial electron excitation at an energy 4.5 times the LO phonon energy for two different Gaussian electron distribution half widths: 30 and 4 meV. For comparison, we plot the electron relaxation dynamics without nonequilibrium optical phonons. When hot phonons are neglected the cooling dynamics displays two distinguishable stages: the fast stage (with subpicosecond duration) due to the cascade emission of optical phonons, and the second, slow stage of electron thermalization due to interactions with acoustic phonons. It must be noted, however, that in the given time scale of 10 ps, acoustic phonon scattering does not visibly influence the electron relaxation dynamics in this QWI with a rather large cross section of 150 X250 A2. As one can see from Fig. 5 the very initial relaxation stage (tc0.5 ps) is faster in the presence of hot phonons. The higher nonequilibrium phonon populations are created (4 meV), the faster is the very initial relaxation stage. This effect can be understood if one first considers the temperature dependence of the relaxation rate. At high temperatures both the emission and absorption rates are higher. This leads to fast energy redistribution of excited electrons. The cooling rate of electrons which emit optical phonons increases and that of electrons which absorb phonons decreases because of the e-lR energy dependence of 1D density of states and scattering rates. The increase, however, is faster than the decrease due to the same l -lR function. Therefore, the total 1D electron gas cooling rate increases when the electron energy redistributes due to emission and absorption of optical phonons. At very high temperatures this happens on a very short time scale while electron distribution at low temperatures still remains unchanged. Hence, the very initial electron cooling rate in QWIs increases when increasing the lattice temperature, provided that electrons are excited well above optical phonon energy and thermal equilibrium energy. (Note that in bulk materials, where the emission and absorption rates increase with energy the relaxation rate is higher at low lattice temperatures. There should be no temperature dependence of the initial relaxation rate in 2D systems.) To observe an appreciable temperature effect on the relaxation rate it is necessary that phonon occupation number be greater than 1. Under phonon equilibrium such occupation numbers could even be unachievable in a solid state. However, due to strong buildup of nonequilibrium phonons at high excited electron concentrations the occupation number for certain phonon modes may be considerably higher than 1. This is why the initial relaxation is faster for higher nonequilibrium phonon occupations and thus, for narrower initial electron energy distributions (Fig. 5) .
One can see from Fig. 5 that the onset of hot phonons leads to a substantial reduction of the electron gas cooling rate for t>0.5 ps due to strong reabsorption of nonequilibrium phonons. The onset of hot phonons occurs sooner if the electron energy distribution is narrower (4 meV). Hence, electron cooling is slower for narrow electron distributions. The effect of narrowing of the electron energy distribution is similar to that of increasing the electron concentration and, as we have already discussed, it is a purely 1D effect. As has been demonstrated in a previous subsection, in QWIs with small cross sections (40X40 A2) the acoustic phonon scattering rate is higher and this scattering is much more inelastic than in QWIs with large cross sections (150X250 A2). Therefore, in a QWI with a 40X40 A2 cross section, acoustic phonon scattering is a very effective energy dissipation mechanism and it is responsible for fast relaxation and smearing out the effect of the initial broadening of the electron distribution on the cooling rate.
We have also considered the realistic case where the multisubband structure of the QWI is taken into account along with all possible optical phonon modes (LO and SO). Figure 6 shows the electron cooling dynamics in this realistic structure for 4 and 30 meV electron excitation linewidths. The dependence of hot phonon buildup on the electron distribution broadening is washed out almost completely in this realistic structure due to various intrasubband and intersubband transitions assisted by the LO and the two SO modes. The reason is that nonequilibrium phonon peaks in q space in this case overlap and form a complex broad distribution in q space virtually independent of initial electron distribution. The main effect which comes into play within this realistic model is the dependence of the number of the upper subbands involved in electron cooling on the initial electron energy distribution. Figure 7 demonstrates the time evolution of the subband filling by electrons. In the case of a broad electron initial distribution (30 meV) there are more subbands occupied by electrons scattered from the high-energy tail. Therefore, the return of electrons to the first subband is slower than for a narrow electron distribution (4 meV). Hot phonons lead to stronger intersubband electron redistribution and slower return to the lowest subband. By comparing Figs. 6 and 7 one notices that the different occupation of subbands for 4 and 30 meV excitation linewidths virtually does not affect the mean-electron energies which coincide for both excitation regimes after 3 ps following excitation. This, at the first glance, strange behavior is related to the fact that the electron kinetic energy related to 1D free motion in each subband is higher for 4 meV excitation linewidth due to stronger hot phonon effects. This difference in kinetic energies is compensated by the higher occupation of the upper subbands in the case of a 30 meV linewidth. Consequently, the 4 meV curve in Fig. 6 contains a larger part of kinetic energy and a smaller part of "potential" energy than the 30 meV curve.
IV. SUMMARY
Simulation reveals complex dependence of hot-electron gas cooling dynamics on excitation energy, lattice temperature, and structure parameters of QWI. Electron relaxation in subpicosecond time scale is controlled by their interaction with confined optical phonons, whereas thermalization of the electron distribution is defined by essentially inelastic electron-acoustic phonon scattering. Electron gas thermalization is much faster in a thinner QWI due to higher acousticphonon scattering rate and stronger inelasticity of electronacoustic phonon interaction. The relaxation times obtained in our simulations are in good agreement with the results of optical measurements.9 '"*'2 Variation of the initial electron energy substantially changes the entire picture of hot-electron relaxation due to the interaction of electrons with various phonons in QWIs. Calculations demonstrate potential possibilities of two effects: electron gas overcooling and dynamic intersubband population inversion. Both effects exhibit strong dependence on the lattice temperature.
Population inversion is well pronounced at low temperatures, whereas electron gas overcooling benefits from high temperatures. At low temperatures electrons can be "trapped" in the upper subbands below the optical phonon energy and stay there for quite a long time defined by intersubband electron-acoustic phonon interaction.
We have found that hot phonon effects in QWIs are well pronounced for electron concentrations equal to or higher than 10' cm-' and depend strongly on the energy distribution of excited electrons. Hot phonon effects become weaker as the broadening of the excited electron energy distribution increases. This result is in complete contrast to the case of bulk materials and quantum wells where the energy distribution of excited electrons virtually does not affect the buildup of nonequilibrium phonons and the reabsorption rate. .
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